Nucleotide excision repair and translesion DNA synthesis are two processes that operate at arrested replication forks to reduce the frequency of recombination and promote cell survival following UV-induced DNA damage. While nucleotide excision repair is generally considered to be error free, translesion synthesis can result in mutations, making it important to identify the order and conditions that determine when each process is recruited to the arrested fork. We show here that at early times following UV irradiation, the recovery of DNA synthesis occurs through nucleotide excision repair of the lesion. In the absence of repair or when the repair capacity of the cell has been exceeded, translesion synthesis by polymerase V (Pol V) allows DNA synthesis to resume and is required to protect the arrested replication fork from degradation. Pol II and Pol IV do not contribute detectably to survival, mutagenesis, or restoration of DNA synthesis, suggesting that, in vivo, these polymerases are not functionally redundant with Pol V at UV-induced lesions. We discuss a model in which cells first use DNA repair to process replication-arresting UV lesions before resorting to mutagenic pathways such as translesion DNA synthesis to bypass these impediments to replication progression.
Irradiation of cells with 254-nm UV light induces lesions that block DNA polymerases. Lesions that block polymerases are thought to either arrest the progress of the replication machinery or produce nascent-strand gaps depending on which template strand contains the lesion (3, 4, 17, 32, 45, 50, 53, 54) . Several studies using plasmid substrates indicate that lesions in the leading-strand template arrest the overall progression of the replication fork, with the nascent lagging strand continuing a short distance beyond the arrested leading strand (17, 30, 50, 53) . In contrast, lesions in the lagging-strand template are thought to generate gaps in the nascent DNA strand at sites opposite to the lesion, presumably because discontinuous synthesis of the lagging strand allows the blocked polymerase to reinitiate downstream of the lesion site (17, 30, 50) . Events that are consistent with this can also be seen on the chromosome of UV-irradiated Escherichia coli. Following a moderate dose of UV irradiation, the rate of DNA synthesis is transiently inhibited before it efficiently recovers at a time that correlates with lesion removal (8, 45) . During this period of inhibition, some limited DNA synthesis is still observed that contains gaps, consistent with replication continuing past a subset of the lesions in the template (13, 42, 43) . The repair and restoration of the DNA template in each of these two situations may involve unique enzymatic pathways and are likely to have different consequences for the cell with respect to survival and mutagenesis.
Lesions that arrest the overall progression of the replication machinery would be expected to prevent the replication of the genome and are likely to result in cell lethality if the block to replication cannot be overcome. The ability of E. coli to survive doses of UV irradiation that produce thousands of lesions per genome clearly indicates that efficient mechanisms to deal with replication-arresting lesions exist in the cell. Several proteins associated with the recF pathway, including RecA, RecF, RecO, and RecR, are required to restore replication following arrest by UV-induced DNA lesions (6, 7, 10, 18, 38) . In the absence of any of these genes, UV-irradiated cells fail to recover DNA synthesis following arrest, gaps persist in the DNA synthesized postirradiation, and the nascent DNA at the replication fork is extensively degraded (6-8, 10, 19, 38, 41, 47) . In vitro, RecA, RecF, RecO, and RecR promote pairing between single-strand DNA and homologous duplex DNA (2, 22, 46, 56, 57) , an activity that was originally characterized for its role in bringing together homologous strands of DNA during recombinational processes (5) . Cellular assays indicate that the same enzymatic activity is also required during replication to maintain and process the homologous strands of the replication fork when the normal progression of the replication machinery is prevented (reviewed in reference 9). Other recF pathway proteins, RecQ, a 3Ј35Ј DNA helicase, and RecJ, a 5Ј33Ј single-strand exonuclease, selectively degrade the nascent lagging strand at blocked replication forks prior to the resumption of DNA synthesis (10) . Degradation of nascent DNA by RecJ and RecQ facilitates the timely recovery of DNA synthesis in normal cells and is thought to play a role in suppressing the frequency of illegitimate recombination, perhaps by generating a more extensive substrate for RecA to bind and stabilize at the blocked replication fork (8, 10, 16 ; also unpublished observations). Consistent with this interpretation, RecQ homologs in yeast, Drosophila melanogaster, and humans have been shown to play critical roles in maintaining processive replication and suppressing the frequency of DNA strand exchanges (reviewed in reference 23). These observations have led to a general model in which RecA and several recF pathway gene products act to maintain and process the arrested replication fork so that repair enzymes or alternative DNA polymerases can gain access to the blocking lesion (6) (7) (8) 10) . In this way, processive replication is maintained while avoiding strand exchanges that may lead to recombination or rearrangements.
Two mechanisms that operate to reduce the frequency of recombination and promote cell survival following DNA damage are nucleotide excision repair and translesion DNA synthesis (1, 7, 24, 42) . Both processes have been proposed to operate at lesion-arrested replication forks to allow DNA synthesis to resume following arrest (7, 34, 37) . In E. coli, the uvrA, uvrB, and uvrC gene products form an excinuclease that is required to initiate nucleotide excision repair of UV-induced lesions (reviewed in reference 44). Cells deficient in lesion removal are severely impaired in their ability to resume robust DNA replication and exhibit elevated levels of recombination, genomic rearrangements, and cell lethality (7, 8, 20, 45) . In wild-type cells, the time at which robust replication resumes correlates with the removal of the lesions by nucleotide excision repair (8) . These observations have been interpreted to support the idea that nucleotide excision repair is a prominent mechanism that operates at replication-arresting DNA lesions (8) . However, since nucleotide excision repair is required to remove all lesions throughout the genome, it remains possible that an alternative process, such as translesion DNA synthesis, predominantly operates at lesion-arrested replication forks and that the failure to observe robust replication resumption in uvr mutants occurs due to the rearrest of replication at subsequent downstream lesions.
E. coli encodes three damage-inducible DNA polymerases that have multiple homologs in both prokaryotes and eukaryotes (49) . In vitro, polymerase II (Pol II) (polB), Pol IV (dinB), and Pol V (umuDC) are able to incorporate bases opposite to specific lesions in template DNA with higher efficiency than the replicative polymerase, Pol III (34, 39, 52) . There are differing reports in the literature as to the contribution of these polymerases to the resumption of DNA synthesis at arrested forks (25, 37, 59 ). An initial study reported that the recovery of DNA synthesis occurred more slowly in the absence of nucleotide excision repair following UV-induced damage but was not affected by the absence of Pol V (25) . However, a subsequent study using repair-deficient mutants found that Pol V was essential and sufficient for DNA synthesis to resume in the absence of repair following exposure to low UV doses in a recA718 background (59) . Still a third study reported that the absence of Pol II delayed the recovery of DNA synthesis after UV-induced damage, even when Pol V and nucleotide excision repair were functional (37) . However, in an earlier study, this group did not find any contribution of Pol II to lesion bypass following UV irradiation (27) . In addition, numerous studies have shown that Pol V, but not Pol II or Pol IV, increases the survival and frequency of mutagenesis in UV-irradiated E. coli (1, 11, 24, 48) . These observations suggest that translesion DNA polymerases may operate at lesionarrested replication forks and raise the possibility that translesion synthesis could be a predominant mechanism that restores DNA synthesis at lesion-arrested replication forks in wild-type cells. While it is apparent that the translesion DNA polymerases play an important role in cellular mutagenesis and genome stability after DNA damage, exactly where and when they operate in the cell are not clear. To date, no study has directly compared the activities of the translesion DNA polymerases and nucleotide excision repair to determine the time and frequency at which each process occurs following UVinduced arrest in wild-type cells.
Utilization of nucleotide excision repair or translesion DNA synthesis at an arrested fork may have very different biological consequences for the cell. Whereas lesion removal by nucleotide excision repair is generally considered to be error free, translesion DNA synthesis by enzymes such as Pol V is responsible for most of the mutagenesis that results from UV-induced DNA damage (24, 26) . In this study, we characterized the recovery of replication following arrest in mutants lacking either nucleotide excision repair, the three damage-inducible DNA polymerases, or both to identify when these processes are recruited to the arrested fork in wild-type cells and gain a better understanding of how DNA replication is restored following disruption by UV-induced DNA damage.
MATERIALS AND METHODS
Bacterial strains. All bacterial strains are in an SR108 background. SR108 is a thyA36 deoC2 derivative of W3110 (31) . HL952 (SR108 uvrA::Tn10) and CL579 (SR108 recF6206::Tet r ) have been described previously (7, 8 . Cells were grown in Davis medium supplemented with 0.4% glucose, 0.2% Casamino Acids, and 10 g/ml thymine (DGCthy medium). Fresh overnight cultures were diluted 1:100 and grown to an optical density at 600 nm (OD 600 ) of between 0.4 and 0.5 (approximately 6 ϫ 10 8 cells/ml). Ten-microliter aliquots of serial 10-fold dilutions were applied as spots in triplicate on Luria-Bertani plates containing 10 g/ml thymine and UV irradiated at the indicated doses. Viable colonies were counted following overnight incubation at 37°C.
UV-induced mutagenesis. Mutagenesis induced by UV was measured by the appearance of rifampin-resistant colonies as a result of UV exposure. At least 69 base substitutions within the rpoB gene have been identified that confer resistance to rifampin, allowing one to monitor numerous UV-induced mutation sites in different sequence contexts (15) . Overnight cultures were diluted 1:100 and grown in DGCthy medium to an OD 600 of 0.4, at which point the culture was split into three equal fractions and irradiated with an incident dose of 0, 2, or 10 J/m 2 UV. Following overnight incubation at 37°C, the cultures were plated on LuriaBertani plates containing 10 g/ml thymine and 100 g/ml rifampin. Rifampinresistant colonies were counted following overnight incubation at 37°C.
DNA synthesis and accumulation. Overnight cultures were diluted 1:100 and grown in DGCthy medium supplemented with 0.1 Ci/ml of [ 14 C]thymine to an OD 600 of precisely 0.3, at which point half of the culture received an incident dose of 27 J/m 2 while the other half was mock irradiated. At the times indicated, duplicate 0.5-ml aliquots of culture were pulse-labeled with 1 Ci/ml [ 3 H]thymidine for 2 min at 37°C. Cells were then lysed, and the DNA was precipitated in cold 5% trichloroacetic acid (TCA) and filtered onto Millipore glass fiber filters. The amounts of 3 H and 14 C on each filter were determined by scintillation counting.
DNA degradation. Overnight cultures were diluted 1:100 and grown in DGCthy medium supplemented with 0.1 Ci/ml [ 14 C]thymine to an OD 600 of 0.4. [mM NaCl, 10 mM Tris, pH 8.0, 10 mM EDTA, pH 8.0), resuspended in prewarmed nonradioactive DGCthy medium, and irradiated with a UV dose of 27 J/m 2 . At the times indicated, duplicate 0.2-ml aliquots (triplicate for 0 min) of the culture were precipitated in cold 5% TCA and filtered onto Millipore glass fiber filters. The amounts of 3 H and 14 C were determined as before. Alkali sucrose gradients. Overnight cultures were diluted 1:100 and grown in DGC medium supplemented with 0.9 Ci/4 g/ml [ 14 C]thymine to an OD 600 of 0.4. The culture was then UV irradiated with 27 J/m 2 before the addition of 9 Ci/ml [ 3 H]thymidine for 5 min at 37°C. Cells were filtered onto a 0.45-m membrane, rinsed with NET buffer, and resuspended in prewarmed nonradioactive DGCthy medium. At the times indicated, 0.5-ml aliquots of cells were collected into 0.5 ml ice-cold 2ϫ NET, pelleted, and resuspended in 0.1 ml buffered sucrose (10 mM Tris, pH 8.0, 10 mM EDTA, pH 8.0, 110 mM NaCl, 5.1% sucrose), and stored on ice for the duration of the time course. The equivalent of 2.5 ϫ 10 6 cells was layered on 4.9-ml linear gradients of 5 to 20% (wt/vol) sucrose in 0.1 N NaOH with a 0.1-ml top layer of 5% (wt/vol) Sarkosyl in 0.5 N NaOH. Gradients were centrifuged at 30,000 rpm at 20°C for 120 min in an SW55.1 Ti rotor. Each gradient was dripped onto strips of Whatman no. 17 paper. The strips were washed in 5% TCA and then 95% ethanol, and amounts of 3 H and 14 C were then determined as before.
RESULTS
The absence of nucleotide excision repair, but not translesion synthesis, impairs recovery of DNA synthesis following UV-induced damage. If translesion synthesis were the predominant mechanism by which cells recover replication following arrest, one would predict that the absence of the translesion DNA polymerases would significantly impair cell survival in the presence of DNA damage. Although several studies have examined the survival of individual polymerase mutants following DNA damage, it is possible that these proteins are functionally redundant at UV-induced lesions and that a phenotype would only be revealed in the absence of all three damage-inducible polymerases. To examine this possibility, we constructed isogenic mutants lacking Pol II (polB), Pol IV (dinB), Pol V (umuC and umuDC), or all three gene products. Consistent with previous studies (37), mutations affecting Pol V, but not Pol II or Pol IV, rendered cells modestly hypersensitive to irradiation at higher doses of UV (Fig. 1A) . Interestingly, mutants lacking all three DNA polymerases were no more sensitive to UV irradiation than the Pol V single mutant. By comparison, a uvrA mutant was much more sensitive to UV irradiation than the triple-polymerase mutant, and the sensitivity of the quadruple-uvrA-polymerase mutant was similar to that of the uvrA mutant alone (Fig. 1A, B) . Similar to previous studies (11, 24, 48, 51) , when we measured the frequency of mutagenesis in cultures exposed to UV irradiation as monitored by cells acquiring resistance to the antibiotic rifampin, we found that Pol V, but not Pol II or Pol IV, was responsible for essentially all of the mutagenesis generated by UV-induced DNA damage (Fig. 1C) . Thus, the absence of all three translesion DNA polymerases does not severely impair the survival of UV-irradiated E. coli. However, the observation that Pol V contributes to cell survival primarily at high doses of UV could indicate that it plays a critical role in the recovery of replication under conditions when the repair capacity of the cell has been exceeded. Alternatively, the observation that Pol V-dependent mutagenesis increases approximately 100-fold at low doses of UV (2 J/m 2 ) that do not affect cell survival or exceed the repair capacity of the cell suggests that the polymerase is active even at these low doses in wild-type cells. This may imply that its preferred substrate may not relate to lesions that arrest replication forks or impair cell survival. The observation that Pol II and Pol IV do not contribute to survival or mutagenesis and were unable to compensate for the absence of Pol V argues that these polymerases are not functionally redundant with respect to survival or mutagenesis following UV irradiation in vivo.
Impaired survival following DNA damage could result from a deficiency in any of several cellular processes and does not directly address the potential role that translesion synthesis may have at sites of replication arrest. Therefore, to examine the recovery of DNA synthesis in these mutants directly, we monitored the overall DNA accumulation and rate that synthesis recovered following UV-induced DNA damage. To this end, duplicate aliquots of [
14 C]thymine-labeled cultures were pulse-labeled for 2 min with [ 3 H]thymidine at various times after 27 J/m 2 UV irradiation. The rate of DNA synthesis ( 3 H incorporation/2 min) could then be determined relative to the total amount of DNA present ( 14 C incorporation) at specific times following treatment. Since the rate of DNA synthesis was found to vary significantly with cell density (data not shown), all experiments included a mock-irradiated control that allowed us to directly compare irradiated and unirradiated cultures and ensure that any observed differences were due to UV treatment rather than culture density. These irradiation conditions generated approximately one cyclobutane-pyrimidine dimer per 9-kb single-strand DNA as measured by T4 endonuclease V-sensitive sites in the DNA (31; data not shown), but did not significantly reduce the survival of wild-type cells (Fig.  1) . By this assay, the rate of DNA synthesis in UV-irradiated wild-type cultures initially decreased by more than 90% but began to recover 15 min post-UV irradiation and continued to increase until it approached unirradiated levels, approximately 80 min post-UV irradiation (Fig. 2) . At this time, the overall DNA accumulation also approached that of the unirradiated cultures. By comparison, while DNA synthesis was inhibited to a similar extent in uvrA mutants as in wild-type cells, no recovery in the rate of DNA synthesis occurred during the course of the experiment and very little, if any, further DNA accumulation was observed. Similar results were obtained after low doses of UV (5 J/m 2 ). Following a low dose of UV, the rate of DNA synthesis in uvrA mutants was initially inhibited to a lesser extent, but no recovery in DNA synthesis rates was seen during the 90-min time course (data not shown).
In contrast to uvrA, the absence of the damage-inducible polymerases did not affect the time at which DNA synthesis resumed. The overall rate that DNA synthesis increased occurred with a small but reproducible reduction in kinetics in the triple-polymerase mutant compared to wild-type cells; however, DNA synthesis began to resume in UV-irradiated polB dinB umuDC mutants at a similar time to that observed in wild-type cells (Fig. 2) . In the absence of both uvrA and the polymerases, no recovery in the rate of DNA synthesis or further accumulation of DNA was observed to occur.
The lack of recovery in uvrA mutants could be interpreted to support a prominent role for nucleotide excision repair operating at lesion-arrested replication forks. However, this result does not exclude the possibility that translesion synthesis can occur at these sites, since the recovery in uvrA mutants may remain below the level of detection due to the persistence of lesions in the uvrA mutant genome. Despite this shortcoming, the recovery of DNA synthesis in the absence of all three damage-inducible polymerases does indicate that these polymerases are not essential for replication to resume following arrest by UV-induced DNA damage. Furthermore, the lack of any significant delay in the recovery argues against the idea that they are used as a predominant mechanism for replication to resume following arrest at UV-induced lesions.
Damage-inducible polymerases act at arrested replication forks in the absence of repair. While the previous assay indicated that translesion synthesis is not essential for replication to resume following UV-induced damage, it lacked the sensitivity to determine if the damage-inducible DNA polymerases are capable of acting at sites of replication-arresting DNA lesions. To address this question, we examined the ability of the polymerases to protect the nascent DNA at the arrested replication fork from degradation. In previous studies, this assay has been used to show that the nascent lagging strand of arrested replication forks is subject to degradation by the RecJ nuclease and RecQ helicase at times prior to the resumption of replication (10). In cells that are able to recover replication, the observed degradation of the nascent DNA ceases at the time when replication resumes. However, in mutants that fail to resume DNA synthesis, the nascent DNA degradation continues and is much more extensive (6) (7) (8) . To examine the degradation that occurs in the polymerase mutants, cultures grown in [ 14 C]thymine were pulse-labeled with [ 3 H]thymidine for 5 s, transferred to nonradioactive medium, and irradiated with 27 J/m 2 UV. The amounts of 3 H and 14 C remaining in the DNA after irradiation were then monitored over time. The 14 C label allowed us to compare the degradation that occurred in the overall genome to that which occurred specifically at the 3 H-labeled DNA at the arrested fork. As seen in previous studies, the degradation ceased in wild-type cells between 20 to 40 min after irradiation and was limited to less than 20% of the nascent DNA (6, 7, 10) (Fig. 3 ). The increase in 3 H-labeled DNA after 40 min occurs due to the reincorporation of the remaining intracellular pools of [ 3 H]thymidine at the time of replication resumption (10) . Comparatively, in recF mutants, which fail to resume replication following arrest (6-8), the nascent DNA degradation continued for more than 100 min until approximately half of the nascent DNA had been degraded (Fig. 3) .
When we examined cultures of polB dinB umuDC mutants, we found that nascent DNA degradation was limited to the first 40 min and was comparable in extent to that observed in wild-type cells (Fig. 3) , consistent with the idea that the time at which replication recovers is not affected by the absence of the polymerases. In contrast, the nascent DNA degradation continued beyond 60 min in the absence of uvrA but then ceased at a point that only moderately exceeded that which occurred in wild-type cells. Interestingly, the extensive nascent DNA degradation seen in recF mutants did not occur in the uvrA mutants despite the fact that robust replication does not de- tectably resume in either mutant. Surprisingly, when the damage-inducible polymerases were also inactivated, the nascent DNA continued to degrade in uvrA mutants and now exhibited a degradation pattern that was similar in duration and extent to that seen in recF mutants (Fig. 3) . The observation that the damage-inducible polymerases are required to protect the nascent DNA from degradation in the absence of nucleotide excision repair suggests that translesion synthesis can act as an alternative to excision repair at sites of blocking DNA lesions. Furthermore, the extensive degradation in polB dinB umuDC uvrA mutants suggests that in the absence of either nucleotide excision repair or translesion DNA synthesis, the ability of the cell to elongate past the arresting lesion is severely compromised, leading to the eventual degradation of the nascent DNA. Daughter-strand gap repair is delayed in the absence of the damage-inducible polymerases. The assays described above would be expected to identify enzymes that specifically participate during the recovery of replication following arrest by a DNA lesion. However, several studies using plasmid substrates have suggested that a subset of DNA lesions, such as those in the lagging-strand template, fail to arrest replication and generate gaps in the daughter-strand DNA. It is reasonable to consider that the processing and repair of these gapped substrates may require a different subset of enzymatic pathways than those that act at arrested replication forks. Consistent with the gapped products observed on plasmids, a number of previous studies have used alkali sucrose gradient analysis to show that immediately after UV irradiation, a limited amount of DNA synthesis can be detected on the chromosome that also contains gaps (13, 42, 43) . The repair (or joining) of the chromosomal gapped DNA fragments appears to depend on at least some of the same gene products that are required for the resumption of DNA synthesis, including RecA, RecF, RecO, and RecR (14, 41, 47) . Several early studies characterizing the processing and repair of nascent-strand gaps were performed prior to the discovery of the concept that translesion synthesis or nucleotide excision repair may be involved in this pathway. For these reasons, most studies characterizing the repair of nascent-strand gaps were done with uvr mutants and the potential contribution that nucleotide excision repair or the damage-inducible polymerases may have in this process has not been considered or examined.
To examine the repair of the postirradiation DNA fragments in these mutants, a 5-min pulse of [ 3 H]thymidine was added to 14 C-prelabeled cultures immediately after UV irradiation with 27 J/m 2 . Cultures were then placed into nonradioactive media, and at the indicated times, cells were lysed and the size of the labeled DNA fragments was analyzed on alkaline sucrose gradients. Whereas the pulse-labeled 3 H-DNA cosedimented with the large 14 C-labeled genomic DNA in mock-irradiated cultures (data not shown), the DNA synthesized immediately after irradiation consisted of smaller, slower-migrating fragments in UV-irradiated cultures (Fig. 4) . The average size of the smaller 3 H-labeled fragments was 5 kb, while the size of the 14 C-labeled genomic DNA averaged greater than 150 kb (13; data not shown). In wild-type cultures, the size of the postirradiation DNA fragments returned to that of the overall genomic DNA within 45 min of irradiation. However, in polB dinB umuDC mutants, we observed a modest but reproducible delay (of approximately 15 min) before the nascent-strand gaps were repaired, despite the timely recovery of DNA synthesis at the arrested replication forks of these mutants as demonstrated by our previous assays (Fig. 4) . We interpret this observation to indicate that translesion synthesis participates in and at least partially contributes to the joining of the observed nascent-strand gaps in wild-type cells.
Comparatively, a large portion of the DNA synthesized postirradiation in irradiated uvrA cultures persisted as small fragments throughout the duration of the experiment. Consistent with earlier studies, the size of the postirradiation DNA fragments began to increase at later times, although the average size remained smaller than that of the genomic DNA throughout the 90-min time course in uvrA mutants (13, 43) (Fig. 4) . This observation may indicate a potential role for nucleotide excision repair in processing lesions prior to nascent-strand gap repair. However, the delayed gap joining in uvrA mutants could also suggest that the repair of the nascent-strand gaps is coupled to or dependent on the efficient resumption of replication following arrest. In uvrA mutants that also lacked the damage-inducible polymerases, the impaired gap joining was similar in extent to that observed in the uvrA mutants (Fig. 4) .
UmuDC participates in the recovery of DNA synthesis and daughter-strand gap repair following UV irradiation. To identify which of the damage-inducible DNA polymerases acts at arrested replication forks and participates in daughter-strand gap repair following UV-induced DNA damage, we examined mutants that lacked either Pol II (polB), Pol IV (dinB), or Pol V (umuDC) using the assays described above. As shown in Fig. 5A , both polB and dinB mutants recovered DNA synthesis with kinetics that were identical to those of wild-type cultures. By comparison, in umuDC mutants, although the recovery began at a similar time, it occurred with a modest reduction in kinetics that was identical to that in the mutant lacking all three damageinducible polymerases. Identical results were obtained when we examined a umuC mutant that maintains and expresses a functional copy of the UmuD subunit, but is unable to perform translesion DNA synthesis (11, 35) . In addition, we found that following UV irradiation, the presence of Pol V was able to protect the arrested replication fork from degradation when excision repair was absent, whereas the degradation was not affected by the presence or absence of Pol II or Pol IV (Fig. 5B) . Similarly, both umuDC and umuC mutants also exhibited a 15-min delay before the postirradiation DNA fragments were fully repaired, whereas no delay was detected in either polB or dinB mutants (Fig. 5C ). We interpret these observations to indicate that following UV-induced DNA damage, Pol V is able to act at lesionarrested replication forks and promote daughter-strand gap repair. In addition, the observations argue against a functionally redundant role for Pol II or Pol IV with Pol V at sites of UV-induced DNA damage.
DISCUSSION
Both translesion DNA synthesis and nucleotide excision repair have been postulated to act on replication-arresting DNA lesions to promote the recovery of DNA synthesis and reduce the frequency of recombination in wild-type cells. In this study, we show that both processes contribute to replication recovery, but with different efficiencies and kinetics. A role for nucleotide excision repair acting at early times during recovery is supported by the observations that the resumption of DNA synthesis following arrest is severely impaired in the absence of repair enzymes but occurs with nearly wild-type kinetics in the absence of all three damage-inducible DNA polymerases (Fig.  2) . Furthermore, the degradation of the DNA at the arrested fork occurs for a longer duration when the recovery process depends solely on translesion synthesis, as in nucleotide excision repair mutants (Fig. 3) .
In contrast, several observations are consistent with the idea that translesion synthesis by Pol V can function at the arrested replication fork substrates at later times or as an alternative pathway when the repair capacity of the cell has been exceeded. The hypersensitivity of umuDC mutants is distinct from that of many other UV-sensitive mutants in that it only becomes prominent at higher doses of UV irradiation (Fig.  1A) . At lower UV doses, umuDC mutants survive as well as the parental strain and exhibit a similar "shoulder" in their survival curves, consistent with the idea that Pol V becomes essential for survival when the repair capacity of the cell has been exceeded. Furthermore, although robust replication did not resume in the absence of lesion removal, the presence of Pol V reduced the degradation that occurred at the replication fork ( Fig. 3 and 5B), suggesting that it is capable of synthesizing past arresting UV lesions, albeit with an efficiency that remains far below that seen during normal replication on undamaged templates.
The data we present indicate that nucleotide excision repair contributes to the recovery of replication at early times after UV irradiation. Although Pol V is not essential for replication to resume, a large induction of Pol V-dependent mutagenesis occurs even after low doses of UV irradiation (Fig. 1C) , strongly arguing that Pol V actively participates in some form of DNA synthesis that occurs after UV. One attractive model to consider is that the prominent replication substrates targeted by nucleotide excision repair and Pol V may be distinct. The observation that the repair of daughter-strand gaps is delayed in Pol V mutants, despite the timely resumption of DNA synthesis, is consistent with the idea that Pol V may predominantly target DNA gaps produced by nonarresting UV-induced lesions. The preferential targeting of Pol V to nonarresting lesions is also more consistent with the modest UV hypersensitivity exhibited in the Pol V mutants. In vitro, efficient translesion synthesis by Pol V requires that the gapped substrate contain a RecA-bound filament and a beta clamp loaded at the site of the lesion (36, 39, 40, 52) . Based upon our current understanding of replication fork dynamics, this is similar to the substrate that is expected to be generated following replication through lesions on lagging-strand templates in vivo.
In addition to its role in translesion synthesis, overexpression of UmuD has an inhibitory effect on growth at low temperatures and on exiting stationary phase (28, 33) . These observations have led to the proposal that UmuD may function as a cell cycle checkpoint, preventing replication from resuming prematurely in the presence of DNA damage (35) . If the protein did act as a damage checkpoint, one would predict that replication would resume more rapidly in the absence of the checkpoint protein than in its presence. In the results presented here, the rate of recovery was modestly hindered in the absence of UmuD (Fig. 5A, B, and C) , suggesting that the checkpoint function of UmuD may not be delaying replication recovery from the arrested fork substrate. However, this does not rule out that UmuD may delay synthesis from occurring at other substrates or act during other phases of the culture growth, such as appears to occur during the exit from stationary phase (33) .
We observed that Pol V, but not Pol II or Pol IV, detectably contributes to the survival, mutagenesis, resumption of DNA synthesis, and nascent-strand gap repair following UV irradiation in vivo (Fig. 5 ). These observations are consistent with work by Khidir et al. (25) in which they reported as data not shown that uvrA mutants but not umuC mutants recovered DNA synthesis more slowly than wild-type cells. Using a background that contained a recA718 allele, Witkin et al. (59) found that in the absence of nucleotide excision repair, umuC was essential and sufficient for DNA synthesis to resume. Although it remains difficult to clearly interpret why the phenotype was dependent on the recA718 allele, which has a complex phenotype (29, 58), the observation is consistent with the results presented here, in which Pol V contributes to the recovery of replication when excision repair cannot occur. A previous study observed that mutations in polB delayed the recovery of DNA synthesis by 50 min (37) . However in an earlier study, this group did not observe any Pol II-mediated translesion synthesis on UV-damaged templates (27) , and in this study, we did not detect a contribution by Pol II at the arrested fork as measured by either the recovery of DNA synthesis, nascentstrand gap repair, or protection of the nascent DNA following arrest. This difference could either be due to experimental conditions or secondary mutations in the strains utilized. The previously described delay in the recovery of polB mutant strain STL1336 was based on a single experiment in which the culture was irradiated early in the growth phase (OD 450 of 0.08 equivalent to OD 600 of ϳ0.06). In our hands, we had difficulty monitoring growth of the culture at this OD and therefore chose to irradiate cultures at an OD 600 of 0.3. We also routinely divided cultures at the time of treatment to include an unirradiated control so that the rate of synthesis after irradiation could be directly compared to the rate occurring in an equivalent unirradiated culture. When we irradiated STL1336 at an OD 600 of 0.3, DNA synthesis recovered with kinetics similar to those of wild-type cells (data not shown). Previous studies from this group have also reported that the polB strain, STL1336, is prone to accumulate suppressor mutations that alter its response to DNA damage (12) . To address the possibility of suppressors in our study, we constructed a new polB::tet deletion and obtained results identical to those shown in Fig. 4 (data not shown) . Furthermore, to reduce the potential of suppressor mutations accumulating, strains were frozen immediately after construction and grown the day prior to each experiment. In constructing our polB mutants, we did not observe any reduction in P1 transduction efficiency or growth impairment that may be expected to occur if suppressor mutations arose in culture populations. The lack of a phenotype for Pol II and Pol IV highlights the need to consider that these polymerases may not be functionally redundant in vivo. The possibilities that they may act during different temporal phases of the cell cycle, on substrates that are unrelated to the recovery of DNA synthesis or specifically on different forms of DNA damage, should not be excluded from consideration. The last possibility is consistent with the observation that the mutations produced by different forms of DNA damage vary, depending on which translesion polymerases are present in the cell (34) . Other studies have also suggested that both Pol II and Pol IV are active on undamaged templates in the absence of the replicative polymerase, Pol III (37, 55) . The mutagenesis, survival, recovery of replication, and daughter-strand gap repair presented here, as well as previous studies on plasmid substrates (34) , are consistent with the idea that Pol V is able to productively bypass lesions generated by 254-nm UV irradiation in vivo.
Although UV-induced lesions appear to specifically require Pol V, there are clear examples, in both E. coli and humans, where there is a functional redundancy in the ability of more than one polymerase to bypass a specific form of DNA damage (34) . It is also clear that the competitive or preferential order by which this redundancy occurs can have serious consequences on genomic stability. In humans, Pol appears to bypass UV-induced DNA damage with relatively high fidelity.
However, in its absence, translesion synthesis is achieved by alternative DNA polymerases with much less accuracy and results in the severe cancer-prone phenotype exhibited by patients with the variant form of xeroderma pigmentosum (21) .
By analogy, the results presented here suggest that in E. coli, lesions encountered during replication are initially processed with high fidelity through the nucleotide excision repair pathway. At later times, when the cell either cannot or fails to remove the lesions in a timely fashion, these lesions can be bypassed alternatively by Pol V, in a process that is associated with an increased likelihood of mutagenesis. The delayed expression of the active UmuDЈ subunit of Pol V following UV irradiation has been previously hypothesized to allow nucleotide excision repair more time to remove DNA lesions (35) and would also be consistent with the results presented here. Thus, in the case of UV-induced damage, in both E. coli and humans, the pathways operating to process lesions encountered during replication appear to be ordered in such a way as to give nonmutagenic pathways priority over those associated with higher mutation frequencies. It will be interesting to see if the same relationship holds true for other forms of DNA damage that are encountered environmentally or therapeutically, which may depend on repair enzymes or alternative polymerases to restore damaged genomic templates.
